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Optimizing the Performance of a Condensate Interferometer

ABSTRACT

An atom interferometer using Bose-Einstein condensates confined in a magnetic trap has been investigated. Several performance barriers
have been studied and overcome. One source of performance degredation is the residual velocity of atoms in the trap. We determined that
this motion was largely due to external magnetic field noise, and were able to stabilize it. We have also developed novel coupling
techniques that reduce sensitivity to residual motion. A second performance obstacle was spatial noise in the coupling laser beam. This was
determined to come from vacuum-cell windows of insufficient quality, and was remediated with a better cell. These improvements led to a
factor-of-two improvement in both interferometer visibility and interaction time. Further investigation has determined that performance is
now limited by the axial confinement of the magnetic trap. Work is underway to design a new trap with less confinement.
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The object of this award was to understand and improved the performance of our condensate
interferometer. Devices of this sort are expected to have important applications for inertial
measurement, but significant performance advances will be required for this application.

Our interferometer operates using atoms confined in a magnetic guide [1, 2]. Briefly, we
produce a condensate of 3’Rb atoms, load it into the guide, and then apply an off-resonant
standing-wave laser. For the appropriate timing and intensity, this laser causes the condensate
wave function to split into two packets traveling apart at roughly 12 mm/s. After a variable time,
the laser is applied again with slightly different parameters such that the atomic velocities are
reversed and the packets are reflected back towards each other. We allow the packets to cross
and then separate again, reflect them once more, and allow them to meet at the center. We then
apply the laser a final time in the same way as for the initial “splitting” pulse. This brings some
of the atoms back to rest while some continue moving, with the relative populations depending
on the interferometric phase difference between the packets. In this way, the phase can be
measured.

Prior to the start of this award, we were able to operate the interferometer with total separation
times up to about 45 ms, and with an interferometric visibility of about 0.5. We have now
extended that time to 80 ms and improved the visibility to about 0.9. Further, we have a clear
understanding of what is currently limiting our separation time and have developed plans to
extend it. Applications in inertial navigation will likely require separation times on the order of
1ls.

Several factors led to the improvements in performance. The most significant was the
realization that multiple reflections from the vacuum cell windows cause significant intensity
variations in the standing wave laser beam. This was remedied by obtaining a new cell with anti-
reflection coated windows. The capability to manufacture vacuum cells with fully coated
windows is very new. To our knowledge, we were the first group to make use of it for ultracold
atom applications.

The improvement in performance and reliability with the new cell was immediate and
remarkable. We can now apply the standing-wave beam with sufficient precision to split and
reflect the condensate with about 98% accuracy. This permitted a detailed investigation of the
standing wave interactions, which were found to accurately agree with theoretical expectations.
This work has been accepted for publication in Phys. Rev. A. We have subsequently extended it
by developing new pulse sequences that permit even greater accuracy and have less sensitivity to
the initial atomic velocity.

An additional benefit of the new cell is improved measurement sensitivity. The same effects
that limited the standing-wave performance contributed noise to the absorption images used to
measure the final state populations. Using coated windows improved the image quality
dramatically. We also obtained a new higher-speed imaging camera. The higher speed
significant enhanced our data rate, and also allowed better noise cancellation between the images
of the atoms and a subsequent reference picture. Between these two improvements, we have
increased our sensitivity to atom number by a factor of ten. We can now detect about 100 atoms,
or 1% of the total population.



Having a second camera also allowed us to image the atoms from two directions at once.
This permitted us to accurately align the standing wave laser to the axis of the magnetic guide. If
this alignment is poor, the laser excites atomic motion in the transverse directions, and the
packets will generally miss each other upon returning, by an amount that grows rapidly with the
separation time. The visibility of the interferometer is proportional to the overlap of the packets,
so this limits the separation time. As it occurred, the alignment was off by about 5 degrees,
considerably more than expected. We were able to adjust the laser beam to correct for it.

Another limiting factor we discovered was the presence of noise in the guide magnetic field.
Our current source for the field is intrinsically very stable [3], but noise is introduced when we
apply external modulation to control the field. We reduced this problem by constructing a new
low-noise modulation circuit. Further improvement would be possible with a digital modulation
system.

Finally, we encountered difficulties with vibrations of the optical table on which the
experiment is mounted. Over the course of the separation time, the table must be stationary on
the scale of the standing-wave laser period, which is 390 nm. This level of stability is normally
provided by the vibration isolation of the table’s air-cushion legs. However, at one point an
electronics rack was accidentally pushed into the table, leading to increased vibrational coupling
and noise. This was a challenging problem to diagnose, but it does illustrate that the device is a
sensitive accelerometer. We have now implemented a constantly running vibration sensor on the
table to eliminate such problems.

The results of all these improvements are shown in Fig 1, which shows the interferometer
visibility as a function of separation time. For comparison, Fig. 2 shows our previous results.
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Figure 1: Visibility of interference signal for double-sided

interferometer, as a function of total measurement time. The dashed
curve is a prediction by Zozulya et al. [7]




Fig. 2: Previous Visibility
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Figure 2: Visibility of interference signal as measured prior to the
improvements discussed here.
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We believe that the decay of the visibility seen in Figure 1 comes from the fact that the
magnetic guide has some weak axial confinement. The basic effect can be understood by
considering a single-sided interferometer where the atoms are only reflected once. The initial
splitting pulse produces atoms moving at vy, and the reflection pulses provide a kick of 2vg, so
that +vo — -vp and —vo — +vo. However, if the atoms are subject to axial confinement, then the
packets will slow down as they move away from the center. If the speed is reduced by an
amount ¢, then the reflection pulses will actually drive +vo-6 — —Vo-8 and —vo+6 — +vo+9.
When the atoms return to the center, their velocities will now increase by approximately o,
giving final velocities of +(vo+235). The recombination pulse again provides kicks of +vy, leaving
packets with velocity of £24.

These two packets do interfere. An atom with velocity v in the x direction is represented by a
plane wave ™" for mass m. So the total wave produced by the recombination pulse is

B 2mox ¢
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where yp(x) is the wave function of the initial condensate and ¢ is the interferometer phase. If
8=0, then the fraction of atoms brought back to rest is cos*(#/2), the normal interferometer
signal. But if 5 # 0, the population oscillates with period #/2mo. If this period is long compared
to the length of the initial wave packet, it has no appreciable effect. But if the period is shorter
than the packet length, different parts of the packet will recombine with different phases, so that
the total number of atoms left will be independent of ¢. By this mechanism, the interferometer
visibility is reduced as & grows.
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We were able to verify this effect directly by observing the spatial variation of the atom
number in the absorption images. The period of the oscillation agrees well with the calculation.
This effect is a significant limitation for a single-sided interferometer, as has been recognized for
some time [4-6]. The effect is reduced for a double-reflect interferometer, since the velocity
error for the second half-cycle partially cancels that of the first half-cycle. We were able to



observe this directly by monitoring the spatial phase gradient while varying the duration of the
second half-cycle. The results are shown in Fig 3. The first half-cycle duration was 20ms, and
when the second half matches the first, the phase gradient is suppressed. When the two halves
are unequal, however, a significant gradient is present. For longer separation times, the phase
gradient is significant even for a symmetric interferometer, giving the effect plotted in Fig. 1.
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Figure 3: Phase gradient of an asymmetric double-sided
interferometer.
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To demonstrate that this is not a fundamental limitation, we operated a very long-time
interferometer using no reflection pulses. If the splitting pulse is applied and the atoms are
allowed to move naturally, the axial potential eventually slows them down and sends them back
to the origin. We allowed the atoms to complete a full oscillation cycle of 0.9 s in this way, and
then applied the recombination pulse. At such long times, uncontrolled phases can be introduced
by many effects such as table vibrations, magnetic field drifts, and atomic interactions. The
output of the interferometer is therefore essentially random. However, the fact that the number
of atoms brought to rest fluctuates from shot to shot indicates that interference is definitely
occurring. Figure 4 shows the variation in the final number as the alignment of the standing
wave beam is adjusted. For a misaligned beam, the packets miss each other and not interference
occurs, but when the beam is aligned the fluctuations grow. The magnitude of the fluctuations
corresponds to that of a random interferometer with a visibility of 0.4.

With this understanding, it is clear that further progress will require a guide with less axial
confinement. We are working on developing such a guide.

Two additional results are worth commenting on. The first was an attempt made at
implementing a rotation-sensing Sagnac interferometer. The atoms were initially excited in
motion transverse to the guide, so that they were oscillating perpendicular to the standing wave
laser. At the appropriate time, the atoms would be split, so that as they moved back and forth
along the guide they also traced out a closed path in space. With a 60 ms interaction time, an
enclosed area of about 1 mm? can be obtained. Unfortunately, we found that the splitting pulse
did not work correctly when the atoms were moving transversely. It is not clear why that should



be, and we did not have time to resolve the issue. However, it is something we plan to explore
further in the future.
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Finally one other result is the product of a collaboration between the University of Virginia,
Swarthmore College, Stanford University, and the Naval Research Laboratory. This work was
triggered by a discussion of atom gyroscopes and ring-shaped traps. It led to the development of
a proposal for creating microscopic ring traps using off-resonant light near the end of an optical
fiber. Experimental work towards implementing this idea is underway at NRL. The theoretical
development has been accepted for publication in Phys. Rev. A.

To summarize, during the current award we have identified and solved a number of problems
relating to our condensate interferometer, including beam degradation due to uncoated windows,
beam alignment, magnetic field noise, and table vibration. We have identified confinement
effects as the major remaining limitation, and are developing plans to remediate this as well. So
far, we have improved both the interferometer visibility and separation times by a factor of two;
we look forward to continuing such improvements until the feasibility for applications can be
demonstrated.
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